Long-range structural information derived from paramagnetic relaxation enhancement observed in the presence of a paramagnetic nitroxide radical is highly useful for structural characterization of globular, modular and intrinsically disordered proteins, as well as protein-protein and protein-DNA complexes. Here we characterized the conformation of a spin-label attached to the homodimeric protein CylR2 using a combination of X-ray crystallography, electron paramagnetic resonance (EPR) and NMR spectroscopy. Close agreement was found between the conformation of the spin label observed in the crystal structure with interspin distances measured by EPR and signal broadening in NMR spectra, suggesting that the conformation seen in the crystal structure is also preferred in solution. In contrast, conformations of the spin label observed in crystal structures of T4 lysozyme are not in agreement with the paramagnetic relaxation enhancement observed for spin-labeled CylR2 in solution. Our data demonstrate that accurate positioning of the paramagnetic center is essential for high-resolution structure determination. Keywords Spin label Á Crystal structure Á MTSL Á Protein Á NMR Abbreviations MTSL (1-oxy-2,2,5,5-tetramethyl-D-pyrroline-3methyl)-methanethiosulfonate HSQC Heteronuclear single quantum coherence EPR Electron paramagnetic resonance DEER Double electron electron resonance PRE Paramagnetic relaxation enhancement Tim Gruene and Min-Kyu Cho have contributed equally to this work.
Introduction
Long-range structural information may be derived from paramagnetic relaxation enhancement (PRE) of NMR signals observed in the presence of a paramagnetic nitroxide radical that has been specifically attached to a diamagnetic protein (Kosen 1989) . PRE derived distances are highly useful for the structural characterization of globular (Donaldson et al. 2001; Feeney et al. 2001; Gaponenko et al. 2000) and intrinsically disordered proteins (Dyson and Wright 1998) , as well as protein-protein and protein-DNA complexes (Iwahara et al. 2004) .
Although broadening of NMR signals due to a covalently attached spin label can be measured to high accuracy, the encoded distance information is considered to be less precise because of the putative flexibility of the paramagnetic side chain. This has motivated efforts to rigidify the spin label (Iwahara et al. 2003; Keizers et al. 2008; Leonov et al. 2005; Wohnert et al. 2003 ). In addition, paramagnetic probe flexibility was accounted for via a multiple-conformer representation in simulated annealing calculations (Iwahara et al. 2004) . In cases where prior structural knowledge is available, such as the monomeric structure in oligomeric assemblies or the structure of domains in multi-domain proteins, the position of the paramagnetic center might be obtained from intrasubunit PREs, followed by the determination of the intersubunit structure (Bermejo et al. 2009; Rumpel et al. 2008; Tang et al. 2006; Tang et al. 2007) . This approach has the advantage that the sampling space of the spin label is reduced, i.e. the average position of the paramagnetic center is determined experimentally. Using this strategy a high-resolution structure of the homodimeric protein CylR2 (Rumpel et al. 2008 ) was determined previously using PREs from cysteine mutants that had been tagged with the spin label (1-oxy-2,2,5,5-tetramethyl-Dpyrroline-3-methyl)-methanethiosulfonate (MTSL, Toronto Research Chemicals Inc.) .
Enterococcus faecalis is one of the major causes for hospital-acquired antibiotic-resistant infections. The 15.4 kDa homodimer CylR2 is part of a two-component system that regulates the production of the exotoxin cytolysin (Gilmore et al. 1990; Haas et al. 2002; Murray 1990) . Apart from the NMR structure (Rumpel et al. 2008) we have solved the X-ray structure of CylR2 before (Rumpel et al. 2004 ). Here we have determined the crystal structure of MTSL-tagged CylR2 and combined it with NMR measurements and distance measurements from Double Electron Electron Resonance (DEER) (Jeschke and Polyhach 2007; Milov et al. 1984; Schiemann and Prisner 2007) . This provided a unique opportunity for investigating the influence of the conformation and dynamics of the MTSL tag on paramagnetic relaxation enhancement observed in solution.
Materials and methods

Protein expression, purification and crystallization
Protein expression in E. coli and purification of CylR2 have been described elsewhere . Also mutagenesis and MTSL labeling have been described in detail (Rumpel et al. 2008) . 15 N-labeled samples were prepared from E. coli cells grown in M9-based minimal medium containing 15 NH 4 Cl. For our studies we further purified CylR2 55R1 (following the convention we call the amino acid resulting from the reaction of MTSL with cysteine R1) by reversed phase HPLC and verified by ESI mass spectrometry that all unbound MTSL had been removed. Crystallization of wildtype CylR2, CylR2 T55C and CylR2 55R1 was performed as described before . Briefly, 50 ll protein solution (0.3 mM) in 50 mM HEPES pH 7.0, 2 M NaCl, was placed in the chamber of microdialysis buttons (Hampton Research) that were sealed with a semi-permeable membrane with 10 kDa MW cutoff. Dialysis was performed at 20°C by stepwise transferring the dialysis button every 24 h into the same buffer with decreasing NaCl concentrations (1, 0.5, 0.4, 0.3, 0.2 M NaCl) . For CylR2 T55C the protein solution was supplemented with 5 mM Tris(2-carboxy-ethyl)phosphine hydrochloride (TCEP) and the dialysis buffers contained 2 mM TCEP. At 0.3 M NaCl crystals usually appeared. They formed long cuboids with typical dimensions of 1 mm 9 0.1 mm 9 0.1 mm.
Data collection and crystallographic analysis
For data collection all crystals were stepwise transferred to cryo-solution containing the reservoir solution supplemented with 10, 20 and 30% glycerol. After 1 min incubation in the cryo-solution with 30% glycerol the crystals were flash cooled in liquid nitrogen. Data were collected at the Swiss Light Source beamline PXII (Mar225 CCD detector), processed with XDS (Kabsch 1988 ) and scaled with SADABS (Bruker AXS). After scaling, the statistics were obtained and the space-group was determined with XPREP (Bruker AXS). Statistics for data collection and processing are summarized in Table S1 .
Crystal structure determination and refinement The structures were solved by molecular replacement using data up to 2.5 Å . The published structure of wildtype CylR2 (PDB code 1utx) was used as search model. The solutions for all crystals were obtained with the program Phaser (McCoy et al. 2005) . After initial positional and B-factor refinement using the program REFMAC5 (Murshudov et al. 1997 ) manual model building was performed with Coot, including the mutation of threonine 55 to cysteine for CylR2 T55C and the placement of the MTSL model into the electron density for CylR2 55R1. The MTSL coordinates were obtained from PDB deposition 2w8h and restraints generated with SHELXPRO (Sheldrick 2008) . The crystals of wildtype and CylR2 T55C diffracted to 1.2 Å and those of CylR2 55R1 diffracted to 1.5 Å . Therefore, for all structures the final refinement, including anisotropic B-factor refinement, was performed with SHELXL (Sheldrick 2008; Sheldrick and Schneider 1997) . The statistics of the SHELXL refinement are shown in Table S2 . Structural alignments were performed with the ''align'' command of PyMOL. All structural figures were generated with PyMOL (http:// www.pymol.org).
EPR measurements
EPR measurements were carried out using a Bruker ELE-XYS E580 X-band spectrometer with a dielectric ring resonator ER 4118X-MD5-W1 equipped with an Oxford flow cryostat. The sample contained 100 lM CylR2 55R1 in 50 mM HEPES pH 7.0, 600 mM NaCl, 10% (w/v) glycerol. The glycerol served as cryo-protectant. 100 ll of sample were placed into a 4 mm outer EPR tube and flash frozen in liquid nitrogen. Four-pulse DEER measurements were performed with the following pulse sequence p/2(t obs )-s 1 -p-(t obs )-(s 1 ? t)-p(t pump )-(s 2 -t)-p(t obs )-s 2 -echo. The resonator was strongly overcoupled to Q *50 and the pump pulse (t pump ) was set to 16 ns at the resonance mode of the resonator. The pump frequency was applied at the maximum of the nitroxide spectrum. p/2 and p pulses of detection sequence were set to 16 and 32 ns and applied at 65 MHz higher frequency. The amplitude of the observer pulses was adjusted to optimise refocused echo and a twostep phase cycle for the first observer p/2 pulse was used to eliminate any receiver offset. Proton modulation was suppressed by addition of eight spectra of variable delay s 1 time starting at 140 ns with an increment Ds 1 = 8 ns. The s 2 delay between the first Hahn echo and the fourth observer pulse was set to 1.8 ls. The measurement was performed at 20 K with a repetition time of 10 ms, a video amplifier bandwidth of 20 MHz and an amplifier video gain of 54 dB. All DEER traces were processed and analyzed with the DeerAnalysis2008 package (Jeschke et al. 2006 ).
NMR spectroscopy
The NMR sample contained *0.3 mM of 15 N-labeled CylR2 in 50 mM HEPES pH 7.0, 600 mM NaCl and 5% (v/v) D 2 O. Two-dimensional 1 H/ 15 N-HSQC spectra (Mori et al. 1995) were acquired at 298 K on a Bruker AVANCE 600 MHz spectrometer. The resonance assignment of CylR2 in the same conditions had been determined previously (Rumpel et al. 2004 ). Spectra were processed using NMRPipe/NMRDraw (Delaglio et al. 1995) and analyzed using Sparky (T. D. Goddard and D. G. Kneller, University of California, San Francisco).
PRE intensity ratios were obtained from intensities of cross-peaks of backbone amide proton-nitrogen pairs in 15 N-HSQC spectra of the paramagnetic (I para ) and diamagnetic (I dia ) state (i.e. after addition of ascorbic acid). Theoretical intensity ratios I para /I dia were calculated from the crystal structure of CylR2 55R1 according to (Battiste and Wagner 2000) :
in which R para 2 is the enhancement of the transverse relaxation rate by the unpaired electron, t is the total INEPT evolution time of the 15 N-HSQC (*9.0 ms) and R 2 are the intrinsic transverse relaxation times of the amide protons. R 2 values of amide protons were approximated by experimental amide nitrogen R 2 values (Ishima and Torchia 2003) , which were previously measured (Rumpel et al. 2008) .
Assuming a rigid spin label (Iwahara et al. 2004) , the enhancement of the transverse relaxation rate by the unpaired electron R para 2 À Á was calculated according to
in which r is the distance between the unpaired electron and the amide proton, K is 1.23 9 10 -32 cm 6 s -2 and x h is the Larmor frequency of the proton. s c is the correlation time for the electron-nuclear interaction and was estimated from the T 2 relaxation time of amide protons. The average T 2 relaxation time of amide protons was measured using a one-one spin-echo experiment (Sklenar and Bax 1987) , resulting in a s c value of 8.5 ns, which is close to the value estimated by the program HydroNMR (Garcia de la Torre et al. 2000) from the crystal structure of CylR2 55R1 (s c (HydroNMR) = 8.1-10.7 ns depending on simulation parameters).
Results
Crystal structures
Wild-type CylR2, untagged CylR2 T55C and CylR2 55R1 crystallized in space group P4 1 with very similar unit cell parameters (see Table S1 ). The structure of wild type CylR2 and the T55C mutant were solved at 1.21 and 1.23 Å resolution, respectively. The rmsd between the backbone of both structures is 0.13 Å , indicating that the mutation did not change the backbone structure. The structure of CylR2 55R1 was solved at 1.5 Å resolution and had an rms deviation of 0.173 and 0.157 Å from the structure of wild type and CylR2 T55C, respectively. Thus, the introduction of the spin label did not induce considerable structural changes beyond those caused already by the mutation at threonine 55. In both monomers the cysteine 55 side chain was modelled in two conformations into the electron density map, one being MTSL-bound the other one free. The electron density at the MTSL-bound conformer of cysteine 55 is well defined and allowed modelling of the MTSL tags in a single conformation in both monomers (Fig. 1) . The occupancy of the MTSL tag was refined to 70% (chain A) and 84% (chain B). Wildtype CylR2, CylR2 T55C and CylR2 55R1 crystallized as one homodimer per asymmetric unit (Fig. 1) . The structures of the two monomers show only small differences (0.58 Å rmsd for CylR2 55R1 C a atoms). Notably, in all three structures the loop containing residues 38-41 in monomer A shows a double conformation, not observed in the published structure of wildtype CylR2 (Rumpel et al. 2004) , while the same loop shows only a single conformation in monomer B. However, the two MTSL tags superpose very well (Fig. 2) in a single conformation stabilised by hydrophobic interactions with surrounding side chains, notably isoleucine 9. The distance between the nitroxide oxygens in the two monomers is 27.6 Å (Fig. 1b) . The crystal structures of CylR2, CylR2 T55C and CylR2 55R1 have been submitted to the PDB with PDB IDs 2XI8, 2XJ3, and 2XIU, respectively.
Intermonomer distance of the paramagnetic centers by EPR
To probe the distance between the paramagnetic nitroxide radicals in the CylR2 55R1 homodimer DEER measurements were conducted in frozen solution. Figure 3a shows experimental time-domain DEER data after subtraction of a homogeneous background function and distance profile after Tikhonov regularisation (Jeschke et al. 2006 ). An interspin distance of 26.0 Å with a standard deviation of 1.0 Å was observed (Fig. 3b) . The distance is similar to the distance obtained between the nitroxide oxygens in the crystal structure of CylR2 55R1 (27.6 Å ). To obtain insight into the relevance of the crystal structurederived conformation of the MTSL tag for measurements in solution at room temperature, we measured the PRE of amide protons in 15 N-labeled CylR2 55R1. As both molecules of the CylR2 dimer are tagged with MTSL, intensity broadening results from spatial proximity within a molecule and between the two molecules of the dimer. However, due to the r -6 dependence of the PRE and the fact that the MTSL tag at T55C is not located directly at the dimer interface ( Fig. 1a) , intensity broadening in CylR2 55R1 is dominated by intramolecular distances (Fig. S1 ). In agreement with the position of the tag and the 3D structure of CylR2 ( Fig. 1 ; (Rumpel et al. 2004 ) residues in direct vicinity to residue 55 and residue 8 are broadened beyond detection (Fig. 4a) . Indeed, back-calculation of the PRE-induced broadening from the crystal structure of CylR2 55R1 resulted in an excellent fit with the experimental PRE profile (Fig. 4a) . For most residues back-calculated and experimental PRE intensity ratios are identical within the experimental errors. A notable exception are residues 26-28 and 40, where experimental PREs would predict slightly shorter distances than observed in the crystal structure (Fig. 4a) . A similarly good fit is obtained when comparing the distances calculated from the experimental PRE values and those observed in the crystal structure (Fig. 4b) . The root-mean-square deviations between the two sets of distances are 2.8, 2.2 and 2.2 Å when considering only residues with crystal structure distances less than 17 Å (10 residues; excluding those that are broadened beyond detection), between 17 and 21 Å (30 residues) and between 17 and 25 Å (35 residues), respectively.
Next, we investigated the influence of the conformation of the MTSL tag on the PRE profile, which was backcalculated from the 3D structure. The dihedral angles within the MTSL tag were adjusted to values previously suggested and observed in crystal structures of T4 lysoszyme (T4L) tagged at sites 72 and 131 (Sezer et al. 2009 ). On the basis Biomol NMR (2011) 49:111-119 115 of the new MTSL conformations PRE values were predicted and compared to experimental values. v 2 values between calculated and experimental PRE intensity ratios varied between 2.10 and 7.69 (Table 1) . The best matches were obtained for the C1 conformations of both site 72R1 (v1 = -176°/v2 = 49°/v3 = 93°/v4 = -82°/v5 = 100°) and 131R1 (v1 = -173°/v2 = 173°/v3 = -96°/v4 = 72°/v5 = -100°) of T4L with v 2 values of 2.10 and 2.26, respectively. These values, however, are still much higher than the v 2 value of 0.76 that is obtained when the MTSL conformation of the crystal structure of CylR2 55R1 is used (v1 = -63°/v2 = -61°/v3 = -87°/v4 = -77°/v5 = 161°f or subunit 1) ( Table 1 ). The large variation in predicted PRE intensity ratios becomes clear when the positions of the spin centers for the different R1 conformations listed in Table 1 are mapped onto the 3D structure of CylR2 (Fig. 5a ). The position of the paramagnetic oxygen for the different R1 conformations differs anywhere from 5.8 Å (C1 at site 72R1 of T4 lysozyme) to 11.6 Å (C2 at site 131R1 of T4L) from the one observed in the CylR2 55R1 crystal structure. Accordingly, large differences between the experimental PRE intensity profile and the one back-calculated on the basis of the 131R1 C2 conformation of T4L are observed (Fig. 5b ).
Discussion
Distance information derived from PREs of NMR signals observed in the presence of a paramagnetic nitroxide radical, which has been specifically attached to a diamagnetic protein, has three advantages over Nuclear Overhauser Enhancement: (i) It is long-range (up to 25 Å ), (ii) it can be used in the case of fully deuterated proteins or for proteins for which no side chain assignment can be obtained and, (iii) the number of accessible distances might be increased by attaching spin labels to different sites in the protein.
For accurate PRE-based structure determination the variability and flexibility in the conformation of the spin label has to be taken into account (Iwahara et al. 2004 ). The crystal structure of CylR2 55R1 shows that the MTSL tags in both monomers of CylR2 are highly-ordered in the protein matrix (Fig. 1c, d) . Such a well ordered MTSL tag has also been found in residue 115R1 of MTSL-tagged T4L (Guo et al. 2007 ). This residue is located at the protein surface, similar to the R1 residues in CylR2. The ordered, immobile state of T4L 115R1 has been attributed to hydrophobic interactions of the nitroxide ring. A close inspection of the CylR2 55R1 structure suggests that hydrophobic interactions, especially with isoleucine 9, are the reason for the ordered state of the R1 side chains in this protein. In line with this finding is the narrow distance distribution between both paramagnetic nitroxide radicals found by DEER measurements (Fig. 3b) . A narrow distance distribution is expected when the paramagnetic centers are highly ordered as it was demonstrated for protein matrices, DNA and bi-radicals (Bennati et al. 2005; Endeward et al. 2009; Margraf et al. 2007; Marko et al. 2009; Schiemann et al. 2009 ). Thus, the preferred orientation of the tag in frozen solution is very similar to the orientation of the tag found in both monomers in the crystal structure of the CylR2 homodimer.
In case of the NMR data, a very good fit between experimental PRE intensity ratios and values back-calculated from the crystal structure was obtained ( Fig. 4b ), suggesting that the conformation seen in the crystal structure is also preferred in solution, in line with the EPR data. The root-mean-square deviation between PRE-derived distances and those observed in the crystal structure was *2.5 Å . The remaining small deviations (outside of the experimental errors in the PRE intensity ratios) can have a variety of sources. (i) The average conformation of the spin label in solution deviates slightly from the one observed in the crystal structure. (ii) Some nuclei may effectively sense one region of the probe's sampling space, while other nuclei may be affected by another region of such space, thus hindering the description of the effect in terms of a single probe position. (iii) Amide proton T 2 relaxation times were approximated by experimental amide nitrogen Table 1 Deviation between experimental NMR PRE intensity ratios and values back-calculated from the crystal structure of CylR2 55R1 for different conformations of the MTSL tag in T4L 72R1 (Sezer et al. 2009 ), T4L 131R1 (Sezer et al. 2009) (Sezer et al. 2009) b Average v 2 value obtained for the two subunits of the CylR2 dimer T 2 relaxation times (Ishima and Torchia 2005) . (iv) Unspecific binding of MTSL to the protein.
The root-mean-square deviation between PRE-derived distances and those observed in the crystal structure is by a factor of two lower than the error boundaries (±5 Å ) commonly used for PREs-derived distance restraints in structure calculations (Battiste and Wagner 2000) . Thus, our study demonstrates that tighter error boundaries can be used, when the average position of the paramagnetic center can be determined from independent data, such as intrasubunit PREs. This will improve the quality of 3D structures determined with the help of PREs, as previously shown for the CylR2 homodimer (Rumpel et al. 2008 ) and a glutamine-binding protein (Bermejo et al. 2009 ). The situation is very similar to the case of pseudo-contact shifts induced by a lanthanide that is attached to the protein via a lanthanide tag. Use of the pseudo-contact shifts for structural and dynamic analysis requires prior determination of the metal position (for a review see Otting 2010) . In both cases, it is generally best to refine directly against the experimentally observed PREs and not against PREderived distances (Iwahara et al. 2004) .
Is it possible to restrict the position of the paramagnetic center without intrasubnit PREs? One strategy in this direction could be to implement dihedral angle potentials that favour conformations of the spin label that were previously observed in crystal structures of MTSL-tagged proteins, e.g. those shown for T4 lysozyme in Table 1 . Figure 5a , however, demonstrates that this is dangerous because conformations of the spin label and thus the position of the paramagnetic center can change significantly when going from one protein to another protein or even when going from one site to another within the same protein. Importantly, incorrect positioning of the paramagnetic center might lead to severe distortions in structure (Fig. 5b) .
In summary, the close agreement between the conformation of the spin label observed in the crystal structure of CylR2 with interspin distances measured by EPR and signal broadening in NMR spectra suggests that the Fig. 5 Influence of the conformation of the MTSL tag on paramagnetic relaxation enhancement in CylR2 55R1. a Theoretical positions of the paramagnetic oxygen in the 3D structure of CylR2 for conformations of the MTSL tag from the T4L structure. Left hand side: oxygen positions C1 (Magenta), C2 (orange), C3 (yellow), C4 (green) and C5 (blue) for the 72R1 conformations listed in Table 1 . Right hand side: positions corresponding to 131R1. The oxygen location observed in the crystal structure of CylR2 55R1 is shown in red. Two views related by a 90°rotation are presented. b Comparison of the experimental PRE intensity profile (black) with the pattern calculated for the 131R1 C2 conformation (grey). Error bars were obtained from repeat measurements. Note the large deviation between the two profiles in comparison to Fig. 4 J Biomol NMR (2011) 49:111-119 117 conformation of the spin label seen in the crystal structure is also preferred in solution. This allowed for a cross-validation between the paramagnetic relaxation enhancement in solution and the X-ray crystal structure of this protein.
Most importantly, our data demonstrate that accurate positioning of the paramagnetic center is essential for PREbased high-resolution structure determination.
